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Abstract. The high spectral resolution and sensitivity of FUSE have enabled 
far-ultraviolet studies of AGN and QSOs that are a natural complement to 
observations using HST, Chandra, and XMM-Newton. Through synergistic use 
of the large sample of nearby AGN that serve as background probes of gas 
in the Galactic halo and the ISM, the FUSE PI team has observed a large 
number (approaching 100) of the nearest and brightest AGN. In addition to 
emission from O VI, we identify emission lines due to C III, N in, S iv, and 
He II in many of the Type-1 AGN. More than half of the Type 1 objects also 
show intrinsic absorption by the O vi doublet as well as C iv absorption and 
evidence of a soft X-ray warm absorber. Guest investigators have successfully 
coordinated FUSE observations of bright AGN with simultaneous HST and X- 
ray observations. These have contributed greatly to our understanding of the 
UV and X-ray absoring gas in AGN as either a wind from the accretion disk, or 
a thermally driven wind from the obscuring torus. 



1. Introduction 

Observations of the nearest and brightest active galaxies have inspired our cur- 
rent paradigm for the workings of active galactic nuclei (AGN) . Their proximity 
gives superb spatial scale, which has been exploited in imaging with the Hubble 
Space Telescope (HST) and in high-resolution radio observations. These same 
nearby AGN have the highest S/N HST far-UV spectra, and the best high- 
resolution X-ray spectra. The spectral energy distribution of AGN peaks in the 
far-ultraviolet wavelength range. Thus, it is important for understanding the 
energy generation mechanism and the processes that govern accretion onto mas- 
sive black holes. Since this portion of the spectrum also determines the radiative 
input to the broad-line region (BLR) and the narrow-line region (NLR) in AGN, 
as well as the surrounding host galaxy and the intergalactic medium (IGM) , de- 
termining its spectral shape is a crucial input for understanding the physical 
conditions of the gas in surrounding regions. The high spectral resolution and 
high sensitivity of the Far Ultraviolet Spectroscopic Explorer (FUSE) enables us 
to study the astrophysics of the nearest AGN in this crucial waveband. 

The 900-1200 A spectral range contains numerous diagnostic spectral fea- 
tures that can be applied to AGN physics. The most prominent emission 
line is the O vi resonance doublet AA1032, 1038, which is particularly strong 
in the spectra of low-redshift, low- luminosity AGN due to the Baldwin effect 
( Scott et alJ 120041 ) . This line can serve as a diagnostic of the energy input 
from the extreme ultraviolet to soft X-ray portions of the ionizing continuum. 
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Figure 1. FUV to optical SEDs and fitted power-laws for selected FUSE 
AGN. Dotted lines show the uncertainties in the FUV power-law fits. 



Likewise, the O vi doublet is a crucial diagnostic for the absorbing gas com- 
monly seen as O VII and O viii absorption in X-ray spectra of AGN ( Reynolds] 
119971: iGeorge et alJ Il998f ). and as Lya and C iv absorption in HST spectra 
(ICrenshaw et al.lll999h .' The high-order Lyman lines and the Lyman limit pro- 
vide additional diagnostics of absorbing gas. In some cases (e.g., NGC 4151 
or NGC 3516) the neutral hydrogen can be optically thick and thereby play a 
significant role in collimating the ionizing radiation that illuminates the NLR 
( Kriss et, alJll997ft . Finally, numerous ground-state transitions of molecular hy- 
drogen in the Lyman and Werner bands provide a sensitive tracer of molecular 
gas. Under the right circumstances, one might expect to see H2 associated with 
the obscuring torus in AGN in absorption against the continuum and broad 
emission lines. 



2. The Ionizing Continuum Shape 



The ionizing continuum shape in AGN is difficult to study directly. At low 
redshift it is mostly obscured by our own interstellar medium, and inferences 
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Figure 2. Optical/UV/X-ray spectral energy distributions of representative 
AGN. The dotted lines are drawn to connect the FUV and X-ray spectra. 



must be made from the spectral shape observed in the far-UV and soft X- 
ray (on either side of the opaque interstellar absorption) as well as from clues 
provided by the emission lines observed. C omposite spectra assembled from HST 
observations of moderate-redshift quasars (|Zheng et al.lll997l : iTelfer et alJl2002ft 
show that the spectral energy distribution of AGN peaks in the far- ultraviolet, 
with a distinct break at ~ 1000 A. The short wavelength response of FUSE allows 
us to investigate the continuum properties of lower-redshift, lower-luminosity 
AGN. We have used both the composite spectrum approach, and the detailed 
asse mbly of spectral en ergy distributions for 17 individual AGN. 

IShang et al.l 1)20041 ) obtained quasi-simultaneous observations of 17 AGN 
using FUSE, HST, and ground-based telescopes to produce spectral energy dis- 
tributions covering 912-9000 A in the observed frame. A sampling of these spec- 
tra in Figure ^ shows that single power laws adequately describe the UV-optical 
continuum shape of roughly half the sample. Many of the objects, however, 
show breaks in the spectral index at ~ 1100 A, similar to the HST composites. 
When we compare the UV-optical spectra with archival X-ray spectra (Figure 
I2J) , one can see that the spectral energy distr ibution is cle a rly pe aking in the far- 
ultraviolet. In most cases, the objects in the lShang et al. (2004) sample have an 
X-ray spectral slope and normalization matching the extrapolation of the FUV 
continuum. 

These individual SEDs are broadly consistent with modern a ccretion-disk 
models. Geometrically thin disk models with non-LTE atmospheres ( Hubenv et al.l 
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Figure 3. Distributions of a uvo and a f uv for the lShang et alJ l)2004j) sample 
(solid line) , all accretion-disk models (dotted line) , and accretion-disk models 
spanning the same range in mass and Eddington ratio as the sample. 



2000)) predict a narrow distribution of power-law indices for disk spectra on the 
red side of the peak in the SED. These models peak in the far-ultraviolet, with 
a spectral break or bump near the Lyman limit. Spectral indices shortward 
of th e break have a bro ader distribution. As shown in Figure [3] the 17 AGN 
from IShang et al. (2004) have roughly similar distributions of spectral indices 
compared to the models. 
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Figure 4. Top panel: Composite AGN spectra with power law continuum 
fits (dashed lines) and wavelength regions used in fit (solid lines). Bottom 
panel: The ratio of the FUSE composite to the HST composite spectrum. 



With the same technique used to create the HST composite AGN spectra, 
we have constr ucted a composit e FUSE spectrum from 128 observations of 85 
distinct AGN (|Scott et al.ll2004D . As shown in Figure H the FUSE composite 
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Figure 5. Left Panel: EUV spectral index (for f u ~ vs. the 1100 
A luminosity for FUSE (solid squares) and HST (Radio-loud: solid circles, 
Radio-quiet: open squares) AGN. The dashed line is the best linear fit to the 
combined FUSE and HST sample; the solid line is for the FUSE sample alone. 
Right Panel: The equivalent width of broad O VI emission in the FUSE AGN 
shows a strong anticorrelation with the continuum luminosity at 1000 A. 



(q = — 0.56Z ; 2 8 for f u ~ v a ) is bluer than the HST composite (a = —1.76 ± 
0.12), it shows no evidence for a break in the spectral index in the far- ultraviolet, 
and it has significantly stronger Ne vin and O vi emission. 

In an effort to understand these properties in more detail, we e xamined the 
spectr al indices of individual objects in the sample. As found bv IShang et alJ 
( 2004), some individual objects do show breaks in their spectrum, but, in general, 
the FUSE AGN are lower luminosity and bluer than individual HST AGN. 
The left panel of Figure [5] shows a significant anticorrelation between the AGN 
spectral index and its luminosity. We interpret this in the context of an accretion 
disk around the central black hole in the following manner — lower-luminosity 
AGN are likely to have less massive black holes, and hence hotter accretion disks. 
This shifts the peak of their spectral energy distributions to shorter wavelengths, 
moving the spectral break out of the FUSE bandpass and making their spectra 
bluer. This physical interpretation may also explain the Baldwin effect. The 
bluer spectra will have more high-energy photons, leading to relatively more 
emission from highly ionized species such as C iv, O vi, and Ne vin. As shown 
in the right panel of Figure O VI emission in the FUSE sample shows a strong 
anticorrelation with luminosity. 



3. Emission and Absorption Features in FUSE AGN Spectra 

As of November 1, 2002, FUSE spectra for a total of 104 AGN were present in 
the archive. Four of these are Type 2 AGN, and the rest are Type 1. Two of the 
Type 2 AGN show strong, narrow emission lines (NGC 1068 and Mrk 477), and 
the other two have stellar continua typical of starburst galaxies. 53 of the Type 
1 AGN have z < 0.15, so that the O vi doublet is visible in the FUSE band. As 
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Figure 6. Left: Histogram of FUSE AGN versus luminosity. The shaded 
area shows the number of objects exhibiting intrinsic absorption. Right: The 
points show outflow velocity as a function of luminosity. 



shown earlier in Figure 03 all of these AGN have strong, broad O vi emission. 
Surprisingly, roughly a third of these (17/53) also show strong narrow O vi 
emission. Emission from C in A977 and N III A991 is common, as is a bump of 
blended emission lines on the red wing of O VI. In narrow-line Seyfert 1 galaxies 
such as I Zw 1, this bump is resolved into emission from S iv AA1062, 1072 and 
He II A1085. 

As shown in the left panel of Figure H3 absorption is common at all lu- 
minosities, and over 50% (30 of 53) of the low-redshift Type 1 AGN observed 
using FUSE show detectable O v i absorption, compara ble to thos e Seyferts 
that show longer- wavele ngth UV (|Grenshaw et al.l fl999) or X-ray ( Reynolds! 
Il997l : iGeorge et al.lll998T ) absorption. None show intrinsic H2 absorption. We 
see three basic morphologies for O vi absorption lines: (1) Single: 13 of 30 
objects exhibit single, narr ow, isolated O VI absorption lines, as illustrated by 
the spectrum of Ton S180 (|Turner et ahl EJoOlb PG0804+761, shown in the top 
panel of Figure is another example. (2) Blend: multiple O vi absorption 
components that are blended togethe r. 10 of 30 objec ts fall in this class, and 
the spectrum of Mrk 279 is typical ( Scott et al.ll2004l b The middle panel of 
Figure [7| shows Mrk 478 as another example. (3) Smooth: The 7 objects here 
are an extreme expression of the "blend" class, where the O vi absorption is 
so broad and blended that individual O VI co mpone nts cannot be identified. 
NGC 4151 typifies this class (|Kriss et al.lll992l . Il995l : lKrissll200lh . The mini- 
BAL QSO PG1411+442 is another example of this class, shown in the bottom 
panel of Figure [7| 

Individual O vi absorption components in our spectra have FWHM of 50- 
750 km s , with most objects having FWHM < 100 km s . The multiple 
components that are typically present are almost always blue shifted, and they 
span a velocity range of 200-4000 km s~ x ; half the objects span a range of 
< 1000 km s _1 . As shown in the right panel of Figure H3 the maximum outflow 
velocities show a tendency to increase with source luminosity, perhaps indicating 
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Figure 7. The three classes of O vi absorption line morphology: Single, 
isolated lines: PG0804+761 (top); Multiple, blended lines: Mrk 478 (middle); 
Broad, blended trough: PG1411+442 (bottom). 



that radiative acceleration plays some role in the dynamics. Note also that there 
is a population of low-velocity absorbers present at all luminosities. 



4. Mass Outflows from AGN 

The absorption lines we see in our spectra of AGN are associated with mass 
outflows from the active nucle us. These outflows can prof oundly affect the 
evolution of the central engi ne dBlandford Sz Begermanlll999lb the ho st galaxy 
and its interstellar medium ([Silk k, ReesHl998l : Wvithe &: Loebl 120031) and also 



the surrounding int e rgalactic medium (IGM) ( Cavaliere. Lapi. &; Mencil 120021 : 
iGranato et al.l l2003 : IScannapieco fe Ob1l2004l ). Winds from the high metal- 
abundance nuclear regi ons may be a significant source for enriching the IGM 
( Adelberger et aDl2003l). Absorp tion by the outflow can also collimate the ion- 
izing radiation (|Kriss et alJ FL997) and thereby influence the ionization structure 
of the host galaxy and the surrounding IGM. 

The outflowing gas in AGN is sometimes visible as e xtended, bi-conical 
emission at visible or X-ray wav elengths (e.g., N GC 4151, lEvans et~al 1 1199.1 
Hutchings et al . 1998; NGC 1068. lQgle et al.ll20 03). but it most frequently man- 
ifests itself as blue-shifted absorption features in their UV and X-ray spectra. 
Abo ut half of all low-redshift AGN sh ow X-ray absorption by highly ionized 
gas ( Revnold"slll997l : fGeorge et al.lll998h . and a similar fraction show associated 
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UV absorpt ion in ionized species such as C iv ( Crenshaw et al.lll999f ) and O vi 



In more luminous quasars, the fraction of objects in the Sloan 



Digital Sky Survey that show s broad C IV absorption troughs rises steeply as 
the t roughs become narrower ( Tolea. Krolik. fe Tsvetanovll2002l : iReichard et alJ 



comprising over 30% of the quasar population at widths narrower than 
1000 km s _1 . For AGN that have been observed in both the X-ray and the UV, 
there is a one-to-one correspondence between objects showing X-ray and UV 
absorption, implying that the phenomena are related in some way (Crenshaw et 
al. 1999). The high frequency of occurrence of UV and X-ray absorption sug- 
gests that the absorbing gas has a high covering fraction, and that it is present 
in all AGN. The gas has a total mass exceeding ~ 10 3 Mq (greater than the 
broad-line region, or BLR), an d is outflowing a t a rate > 0.1 M Q yr _1 (10 x the 
accretion rate in some objects) (|Revnoldslll997l ) . In an effort to understand AGN 
outflows better, FUSE guest investigators have been successful in coordinating 
several campaigns on bright AGN with simultaneous HST and X-ray observa- 
tions of NGC 3783, NGC 5548, NGC 4051, NGC 4151, Ark 564, Mrk 279, and 
NGC 7469. 

Some of the key results from these campaigns are: 

• Doublet ratios for the O vi absorption lines show that the absorbers can 
be optically thick, but they are not black at line center. Thus column 
densities are fr equently underestimated, somet i mes by as much a s an order 
of magnitude (lArav. Korista. fc de Koo1l2002l : lArav et alJl2003T l. 



Variations in the absorpti on line strength can reflect either an ioni zation 
response, or bulk motion ((Crenshaw et al ] l!999l : iGabef et al 1 l2003bh . 

In the extensive recent Ch andra/FUSE/HST campaign on NGC 3783 ( Kasoi et al.l 



2002; iGabel et al.l l2003a). the kinematics of the X-ray absorbing gas pro- 
vide a good match to the UV- absorbing gas. The X-ray absorbing gas 
itself contains material spanning a large range of i onization parameters 



itseli contains material spanning a larg e range or i onization parameters 
( Lee et al.1120021 : ISako et al.ll2003l : INetzer et alJ l2003 N ). and it is likely that 



this broad range of physical conditions can also include the UV-absorbing 
ions. This is a natural pre diction of the thermally driven wind model of 
iKrolik fc Kriss] (|l995l . l200lT l. and would also be likely in disk-driven winds. 

• In other cases the UV gas visible in FUSE spectra appears to be in a 
fairly low ionization state, and there is no direct relation between the 
X-ray absor ption and the multiple kinematic components seen in the UV 
(NGC 5548: IBrotherton et al|2002l : Mrk 509: iKriss et al.l2000l : lYaaoob et al.l 
2003; NGC 7469: IKriss et al.ll2003l : iBlustin et al.ll2003ri . 

The multiple kinematic components frequently seen in the UV absorption 
spectra of AGN clearly show that the absorbing medium is complex, with sepa- 
rate UV and X-ray dominant zones. In some cases, the UV absorption compo- 
nent corres ponding to the X-ray warm absorber can be clearly identi fied, such as 
NGC 3783 (|Kasni et al.ll2002l : IGabel et al.ll2003al : INetzer et al.ll2003h . In others, 



however, no UV absorption component shows physical conditions characteristi c 
of those seen in the X-ray absorber as in NGC 5548 (IBrotherton et al.1 12002). 



One potential geometry for this complex absorbing structure is high-density, low- 
column UV-absorbing clouds embedded in a low-density, high-ionization medium 
that dominates the X-ray absorption. 
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Disk-driven winds are a possible expla nation for some cases of AGN out- 
flows (iKdnigl fc Kartid 119941 : iMurrav et al J 1199ft fervid 1200(1 iProeal EoOO h By 



analogy to stellar winds, one would expect the terminal velocity of an AGN 
outflow to reflect the gravity of its origin. Disk-driven winds should therefore 
have velocities in the range of several thousand km s" 1 . Objects with broad, 
smoot h profiles might fall in this category. The geometry proposed by lElvisl 
(2000) suggests that these objects should have only modest inclinations. How- 
ever, two p rime examples of Seyf erts with broad s mooth abso rption troughs, 
NGC 3516 (|Hutchings et al.ll200lft and NGC 4151 (|KrissH200lft . are likely the 



highest inclination sources in our sam ple given their extended, bi-conical nar- 
row emission-line region morphologies ( Mivaii. Wilson. Sz Perez- Fournonlll992l : 



lEvans et al.lll993ft and their opaque Lvman limits (|Kriss et al .11 199 7ft . 

The lower velocities we observe in objects like NGC 3783 and NGC 5548 
are more compatible with thermally driven winds from the obscuring torus 
( Krolik Krissl Il995l . l200lft . In these thermally driven winds, photoionized 



evaporation in the presence of a copious mass source (the torus) locks the ra- 
tio of ionizing intensity to total gas pressure (the ionization parameter S) at 
a critical value. For AGN spectral energy distributions lacking a strong ex- 
treme ultrav i olet b u mp, such as the c omposit e spectra of quasa rs assembled by 
IZheng et all (Il997ft . lLaor et al.1 (Il997ft . and iTelfer etaD (12002ft . the ionization 



equilibrium curve exhibits an extensive vertical branch. Thus, at the critical 
ionization parameter for evaporation, there is a broad range of temperatures 
that can coexist in equilibrium at nearly constant pressure. For this reason, the 
flow is expected to be strongly inhomogeneous. Outflow velocities are typical of 
the sound speed in the heated gas, or several hundred km s _1 , comparable to 
the velocities seen in many AGN. 

In summary, we find that O VI absorption is common in low-redshift {z < 
0.15) AGN. 30 of 53 Type 1 AGN with z < 0.15 observed using FUSE show 
multiple, blended O vi absorption lines with typical widths of ~ 100 km s -1 
that are blueshifted over a velocity range of ~ 1000 km s _1 . Those galaxies 
in our sample with existing X-ray or longer wavelength UV observations also 
show C iv absorption and evidence of a soft X-ray warm absorber. In some 
cases, a UV absorption component has physical properties similar to the X-ray 
absorbing gas, but in others there is no clear physical correspondence between 
the UV and X-ray absorbing components. 
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